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Proceedings: Second International Conference on Case Histories in Geotechnical Engineering, June 1-5, 1988, St Louis, Mo., Paper No. 3.21

Cracking Studies at Sand H Basin by the Finite Element Method
Trevor Smith

Clifton E. Deal

Associate Professor of Civil Engineering, Portland State University,
Portland, Oregon

Soil Mechanics Engineer, Soil Conservation Service, West National
Technical Center, Portland, Oregon

ABSTRACT: An existing 30 feet high debris basin embankment has been found to be severely cracked longitudinally. Few
investigations or analysis of longitudinal cracking are reported. This paper presents the results of a finite element
analysis using in situ properties of the soils and gives recommendations for future use of the FEM for cracking studies at
existing dams.
INTRODUCTION

to 1V downstream slope, 3H to 1V upstream slope and had a
maximum height at the center line of 30 feet. The central
zone (Zone 1), consisted ot a uniformly blended, wellgraded mixture of smal! cobbles, gravels, sands, and silts
with a minimum of 15 percent passing the No. 200 sieve.
The shell zones (Zone III), consisted of a uniformly
blended mixture of cobbles, gravels, sands, and silts containing a maximum rock size of twenty-four (24) inches. A
vertical and horizontal drainage zone (Zone II), downstream of the center line of the embankment consisted of a
graded gravel filter containing no more than 3 percent
passing the No. 200 sieve, 85 to 55 percent passing the 1~
inch, and 10 to 30 percent passing the No. 20.

Cracking has been a problem tor earth dams in many locations of the southwestern United States. Generally, the
cracking causing most concern has been transverse to the
center line of the dam and has been felt to be the result
of desiccation or differential settlement. Little
investigation or analysis has been done when longitudinal
cracking is the major problem and the foundation materials are coarse grained and moisture sensitive.
Sand H Debris Basin, Monroe, Utah, typifies an earthen
dam experiencing significant longitudinal cracking on the
downstream slope with minor cracking on the upstream
slope. The evaluation of the safety of this dam, using a
conventional c and~ approach, has no~ been satisfactory.
It can not correctly predict the stresses and strains
associated with cracked zones in the embankment together
with the kinematics of displacement and modeling of these
zones when using c and ~ parameters in the model. This
paper presents the results of a finite element (FEM)
evaluation of this site using quality in situ data
directly in the FEM model.

In 1984, it was reported that significant cracking was
observed on the downstream slope of the embankment
between the two outlet channels for the two principal
spillways. In addition to the cracking on the embankment, several depressions were found on a football practice field, constructed in 1979, and on the reservoir
floor. The major depression on the practice field and
the reservoir floor are located downstream and upstream
in the general area of the major cracking on the·
embankment. These features are located on a line that is
approximately perpendicular with the center line of the
structure.

LOCAL GEOLOGY AND EMBANKMENT HISTORY

The cracking consists of three (3) major longitudinal
cracks at approximately 10 feet, 12.5 feet, and 17 feet,
vertically, above the downstream toe. The crack traces
are generally parallel to the center line but are wavey
and splintered in some places with all of the cracks converging into one major crack which curves down across the
left principal spillway berm. Since discovery in 1984,
the cracks have enlarged to a total displacement of 12inches wide, with a depth of 54 inches. Additionally, a
new crack was found on the upstream slope of the embankment. This illustrates the kinematics of the situation.

The site is located at the eastern edge of the Basin and
Range Province in the Colorado Plateau-Sevier Plateau
physiographic area of Utah. The embankment is constructed on fan debris flow deposits in the upper area of an
alluvial fan developed at the confluence of Sand Canyon
and H Canyon ephemeral steams. A commercially operated
hot spring is located north and upstream of the structure
in the proximity of the Sevier Fault which is about 1,000
feet upstream of the center line and is considered to be
an active fault.
The materials comprising the foundation are stratifed
gravels, sands, and silts. The gravels contain less than
15 percent silt-size particles with 12-inch maximum size.
The sands contain approximately 30 percent silt-size
particles with 3-inch maximum size and the silt has a low
plastic consistency with some clay-size particles. The
classification of these materials using the Unified Soil
Classification classifies the gravels as GP-GC and GM,
the sands as SP-SM, SM-SC, and SM and the silts as ML-CL
and ML.

FEM "FEADAM" MODELING
The program used throughout this study was an IBM PC version of a computer program written by Duncan et al.
(1980a) and is titled Finite Element Analysis of Dams
(FEADAM). The output includes information on tension
zones and shear failure zones which is of particular
interest for the Sand H Basin study, but represents only
an analysis during (and as a result of), the construction
sequence. However, valuable qualitative information can
be gained on a number of the Sand a Basin characteris-

The debris basin was designed in 1969, and constructed in
1971, as a zoned embankment with a 14-foot top width, 2H
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Parametric StudY on Material Properties

tics, including sinkhole development, downstream toe
removal, and the potential for crack development.

One of the stated goals of this study is the attempt to
predict, analytically, the observed cracking and other
distress features on the dam. The evaluation and
selection of material properties in FEADAM gives a wide
range of valid parameters. To determine the sensitivity
of the predicted stresses and possible tension zones
(output), a material parametric study was conducted on the
unit weight, the modulus number, the modulus exponent and
the cohesion for dam and foundation materials.

The finite element code FEADAM assumes that no cracking
is present and continuity of the soil mass is maintained. In addition, and compounding the problem, FEADAM
cannot model post-construction dam behavior due to
changes in soil properties. FEADAM only permits postconstruction loading (both positive and negative) to take
place. Therefore, the application of FEADAM to Sand H
Debris Basin represents the limit of our existing technology when using accepted available computer codes
designed for geotechnical application. Highly specialized codes do exist for cracking studies which have been
adapted for geotechnical use. The theoretical development of the governing constitutive relationships is still
in its infancy, however.
~Qil

Of particular relevance was the determination of the
amount of non-linearity the dam exhibited until the onset
of tension zones were predicted. Both cone and pressuremeter testing showed the dam material to be of very high
stiffness with very little change in properties with
depth, i.e., at the present time it's behaving elastically, up to yield.

Properties trqm In Situ Testing

Due to the nature and grain size of both the embankinent
and foundation soils, no triaxial tests could be performed at the debris basin site. However, a total of 41
pressuremeter tests were successfully completed and
yielded data of equal quality to guide selection on the
nine non-linear soil parameters (including Mohr coulomb
parameters) required in the Duncan and Chang (1970) and
Duncan et al. (1980b) soil models.

All of the parametric studies used a model consisting of
a non-linear dam on a non-linear soft foundation growing
horizontally as a realistic scenerio. The parametric
study of the dam properties consisted of reducing the
unit weight to 90 lb/cu ft, increasing the modulus exponent to n = 0.4, introducing a small cohesion (c = 200
lb/sq ft) and using friction angles of 36 and 45 degrees.
The foundation properties evaluated consisted of reducing
the unit weight from 120 lb/cu ft to 90 lb/cu ft, using a
modulus exponent of n = 0.4 and reducing the modulus number to K = 200. The soft zone properties studied consisted of reducing the modulus exponent to 0.0 and leaving
K as is, using a modulus number of K = 86 and n = 0.0 and
reducing the modulus number to K = 22 and n = 0.0.

Both Mechanical Fricton Sleeve Cones and prebored pressuremeter testing were completed during the summer of
1986. Pressuremeter testing proved extremely valuable
with testing in collapsed and uncollapsed zones using
prebored and slotted tube techniques.
Many different theories and correlations exist to calculate cohesion c and friction angle ~ from both pressuremeter testing and cone testing. In general, the methods
proposed by Menard (Baguelin et al. 1979) for pressuremeter testing in sands, together with recommendations
from Robertson and Campanella for the cone, have been
used. By direct analogy between the hyperbolic soil
model, relating confining pressure, and Initial Tangent
stiffness to that relating Pressuremeter Menard Modulus
(Em) with effective overburden pressure (vertical confinement), guidance on the hyperbolic parameters can be
obtained. Based on this approach, and the recommendations given by Duncan et al. (1980) the hyperbolic parameters used are given in table 1.
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Reduction of the dam unit weight initiates extensive shallow slope failure consistent with an infinite slope analysis. This zone of shear failure extends approximately 1to 2-foot thick on the D/S face but up to 8-foot thick on
the U/S face. Little change in the amount of shear and
tension failure within the dam and foundation is observed. Therefore, the distress feature results within
the areas of interest show no significant change.
Increases in the modulus exponent n shows the most sensitive response from all model studies. By increasing n
from 0.1 to 0.4, thus, strengthening the link between confining pressure and modulus causes low stressed elements
to quickly undergo tension failure. Over 50 percent of
the U/S face now shows tension failure in a single zone.
This appears to verify that field measured modulus values
(from the Pressuremeter) are important. Increasing the
cohesion from zero to only 200 psf immediately produces a
more •comfortable" dam, better able to maintain the profile without any distress features. It follows then that
the models employing c ~ ~ are worse case studies.
Increasing ~ gives a very different response, but a reduction in ~ shows extensive U/S shear failure and D/S shear
failure as conditions approach "infinite slope• failure.
Revisions were made to the •wet", during collapse properties. If it is speculated that the amount of collapse
increases with higher overburden pressures, it follows the
equivalent non-linear soil model stiffness may have to
decrease with depth (or decrease with confining pressure)! To uncouple stiffness from confining pressure in
all models the modulus exponent is taken as zero.

D Foundation .. Dry

C F~t.un - Collapq
PC FCMII'IdaUon .. ,_t-Cellapud.

The parametric study of the collapsed properties produced
LESS settlement since the soil stiffness is fixed in elastic behavior with modulus values HIGHER than the model
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with horizontal soft zones (since the low stresses in
elements, representing post collapsed properties are now
not used in the analysis for soil stiffness). The
increase in K by 50 percent in the model again shows no
settlement change but most of the U/S face suffers tension failure. This supports the conclusion that there is
a strong relationship between the D/S toe foundation
soils and U/S face.

and 7.6 percent high and 17 percent high, when compared to
the closed form model at 13 feet and 19 feet, respectively. These comparisons are perfectly satisfactory when the
difference in dam profile is recognized.
Non-linear behavior models with two materials using four
(4) construction layers and eleven (11) construction
layers, respectively, were compared. Very significant
differences in displacements, strains, stresses, and element modulus values resulted, particularly in the top
eight feet. The model with eleven (11) construction
layers, represents the datum model for evaluation of all
other effects in later models. However, the general pattern of displacements and stresses is similar except on
the side slopes. Local shear failure is predicted in six
elements due, in all cases, to low confining pressures.

MESHES AND MODELS
A series of models were assembled to study a variety of
realistic sceneries, these included removal of the downstream toe, vertical and horizontal sinkhole development,
and elasticity closed solution checks. A mesh was also
designed to indicate the confidence with which displacement magnitudes could be assesed and confirmed that pressuremeter soil parameters are appropriate. Observed
field surface displacements are of the order of 2 feet.
Cumulative addition of the surface depression settlements
from this model, for a three stage development of a 10foot wide sinkhole, reached a total of approximately 1
foot. This settlement results from the incremental
depression when the dam weight is added as a post construction surcharge of a 30-foot width. It may be stated
then that the general order of movements may be reasonable and the pressuremeter estimate of this phenomenon is
acceptable as an approximation. The most significant
models, using the mesh shown in figure 1, are then summarized below.

,,_

Non-Linear Behavior With Sinkhole in Foundation
This model introduced a foundation 50-feet deep (below
the downstream toe), and was primarily used to study
sinkhole growth in vertical and horizontal directions.
This type of study reports what settlements and stresses
would be, had the dam been constructed on collapsing
soils. It should be recalled that the actual chronology
of events is somewhat different. The actual observed
behavior of the dam, over time, is probably the result of
two time dependent phenomena (which may be coupled)--the
spread of moisture initiating collapse and the rate of
collapse. However, it is expected that an indication of
tension and shear failure locations would be found.
The model incorporated soft zones (sinkhole), growing
both horizontally and vertically, to simulate the progressive collapsing foundation in what is considered the
most realistic locations. A simple sand "box' 50-feet
square was developed to correlate material three (3) properties with the observed approximate 2-foot settlement
in the downstream sinkhole. Both elastic and non-linear
dam on non-linear dry foundation control analyses were
made for comparison purposes. The elastic behavior highlights the tension zone development. For a linear elastic material tension stresses are permitted and no ultimate strength is assigned, hence, the development of tension zones represent potential crack zones in the embankment. It should be recalled that construction practice
on the embankment has produced a stiff, brittle, soil
type which may well exhibit strong elastic characteristics up to yield. Elastic embankment stiffness for this
model is an order of magnitude higher than unaltered
foundation soil type.
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Figure 1.

Basic Mesh (FEM)

Dam Behavior With Fixed Foundation
This model was used to perform elasticity checks to the
solutions provided by Poulos and Davis (1974) and to give
the reference settlements of the dam with a rigid foundation only. This provided a series of nodal displacements
and stress states to be used as a datum in checking the
effects studied in the other models.

The output showed a dramatic increase in horizontal displacements throughout the model sinkhole zone, this
clearly is the result of the 'during construction" modeling. The dam foundation undergoes local shear failure in
the soft zones and the material is, in effect, being
"squeezed" out from between the dam above and the stiff
foundation below.

Using a comparable closed form model and the same elastic
parameters used in the FEM model, maximum center line
deflections where calculated at 13 feet and 19 feet.
From the base level, these settlements were 0.01375 and
0.0101 feet, respectively. The side slopes for Sand H
Debris Basin Dam were comparable with the closed form
model (16.6 degrees upstream and 24.4 degrees downstream).

A node at the downstream toe shows ten times more horizontal movement compared to vertical movement while a node at
the upstream toe shows five times the vertical movement
compared to horizontal movement. In fact the attempt to
reproduce a vertical soft zone (sinkhole) resulted in the
soft zone being "squeezed" out. Nevertheless, stresses,
critical zones, and movements away from the soft zone area
may show valid effects from the development of a soft zone
(sinkhole).

The elastic models, construction in four layers and
eleven construction layers, respectively, showed FEM settlement predictions 8 percent low and 17 percent high,
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take place between executions to refine the input. The
etfects ot toe removal are shown from the incremental
results of the post-construction stress application.

The 50-foot wide sinkhole, which undercuts the toe by 20
feet, appears to contain all observed features and shows
significant onset of tension failure. If settlements at
the crests are approximately the same magnitude as the
dam/foundation interface, this model suggests movements of
the order 9 to 12 inches. In addition, the output shows
that when the soft zone horizontal propagation approaches
the center line of the dam the number of elements with low
confining pressure and shear failure doubles. In effect,
this shows the extent of the soft zone at its most
critical position.

The .runs made were (1) .revised mesh to establish the
stress state to be removed by post-construction loads,
(2) using stress .relief calculated from post-construction
load removal trial, and (3) final run with further
refinement of input and vertical overburden relief along
the boundary.
The output clearly has shown that horizontal stresses
around the downstream toe are well above a simple Ro condition. The stress relief applied in the final run is
believed to be within 10 percent of that from construction (it should be recognized that element stresses
appear on the output at element centers, not at the
boundaries). Dramatic distress is caused to the dam by
regrading the toe back to a 1:1 slope. A significant
increase in the extent of the zones in shear failure,
tension failure, and those with low confining pressure
occurred. At the present time, this toe removal represents the single most critical activity which is most
likely to initiate and propagate further cracking, based
on the FEADAM modeling.

It may be concluded that vertical sinkhole development
phenomena is less likely to cause the dam cracks to continue. Horizontal sinkhole development is expected to propagate continuing cracks at the same section. The almost
vertical cracking exhibited on the D/S face produces isolated blocks due to the lack of tensile strength for the
in place embankment.
Downstream Toe Removal
The only post construction boundary condition change permitted by the FEADAM program are applied nodal forces or
element boundary pressures. The recent removal of material from the toe of the downstream slope (during regrading for construction of the football practice field) is
felt by the dam as a removal of pressure. This scenerio
represents one that can be modeled by FEADAM. However,
changes in the mesh to show the new ground surface profile
after toe removal cannot take place during a program execution.

Existing Conditions
The best estimate of all known conditions to model the
construction with the exception of the cutoff was used.
The 1:1 D/S toe slope was accommodated by using extremely
soft properties (i.e., close to air) in the wedge to
ensure no load would be taken by this zone (not by applying the post-construction forces). The output differences
between this model and the previous are dramatic. If the
extra zoning is ignored (not considered significant), the
output shows the dam displays far less distress features
when the contruction to the 1986 profile is modeled.
Removal of this downstream wedge, and hence the loss of
horizontal support after construction was complete, IS
HIGHLY SIGNIFICANT. A comparison of stresses between this
and the previous model is shown in figure 3.

To accomodate this model the mesh was locally revised so
that the boundary to elements in the area of the embankment that was removed represents the final ground profile, shown in figure 2. Overburden removal of the toe
is then accomplished by applying a release of stress from
the nodes representing the removed area. The magnitude
and direction of these stresses must be those to give
zero stress along the above stated boundary. Stresses
too high result in tensile loading (or suction) applied
to the toe.
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Revised Mesh (Toe Removal)
Figure 3. Increase in Distress Zones When Stress Relief
is Considered.

Therefore, the stress relief applied must be equal to the
internal stresses in the dam along that boundary at the
time of toe removal. These can be approximated by the
FEADAM program by assuming the end of construction
stresses still exist. Since the end of construction
stresses represent part of the output, some calculations
(based on given principal stresses), and manipulations
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Both models clearly demonstrate that CONSTRUCTION OF THE
DAM IN ITS PRESENT CONDITION AND PROFILE WOULD QUICRLY
RESULT IN SIMILAR DISTRESS FEATURES BEING CREATED. This
would occur despite the more conservative approach of
using "air" properties in the D/S toe.
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Robertson, P. K. and R. G. Campanella (1984), Guidelines
for tbe Use and Interpretation of the Electric Cone
~-~ration Test, Hogentogler and Company, Inc., 2nd
Ed. , September.

CONCLUSIONS
Based on the extensive FEM modeling undertaken on the
Sand H Debris Basin Dam study, the following conclusions
may be drawn:
1. The use of in situ tools has enormous potential for
measuring high quality, small and large strain data for
use in FEM analysis.

Wilson, E. L. (1971), "Solid SAP, A static Analysis
Program for Three Dimensional Solid Structures,• SESM
Report 71-19, Structural Engineering Laboratory,
University of California, Berkeley, September.

2. Recording pre- and post-collapse properties using a
variety of pressuremeter techniques gives settlement
prediction of the correct order of magnitude.

Wilson, E. L., R. L. Taylor, W. P. Doherty, and J.
Ghaboussai (1971), "Incompatible Displacement Modes,'
Proceedings of Office of Naval Research Symposium,
University of Illinoi;s, Urbana, Illinois, pp. 43-57.

3. It is of vital importance that the limitations of FEM
codes are understood and not violated. In applying the
method, a full geologic investigation, description, and
interpretation must be available and applied to model
realistic, geologic, and chronologie sceneries (where
possible).
4. The existing Duncan and Chang Hyperbolic soil models
has only a limited ability to represent the actual collapse phenomenon. It is anticipated that routine use of
such codes by unskilled or unexperienced users will lead
to erroneous results. Research studies should be initiated to develop an appropriate soil model (hence, a new
code), to analytically model the moisture sensitive collapse phenomenon as it relates to dam distress ~ construction.
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